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A retarding field energy analyzer (RFEA) designed specifically for high energy pulsed electron
beam measurements is described in this work. By proper design of the entrance grid, attenuation
grid, and beam collector, this RFEA is capable of determining the time-resolved energy distribution
of high energy pulsed electron beams normally generated under “soft vacuum” environment. The
performance of the RFEA is validated by multiple tests of the leakage current, attenuation coefficient,
and response time. The test results show that the retarding potential in the RFEA can go up to the
same voltage as the electron beam source, which is 20 kV for the maximum in this work. Additionally,
an attenuation coefficient of 4.2 is obtained in the RFEA while the percent difference of the rise time
of the electron beam pulse before and after attenuation is lower than 10%. When compared with a
reference source, the percent difference of the RFEA response time is less than 10% for fall times
greater than 35 ns. Finally, the test results of the 10 kV pseudospark-based pulsed electron beam
currents collected under varying retarding potentials are presented in this paper. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4973776]
I. INTRODUCTION
Novel methods for the surface treatment of metallic mate-
rials by pulsed concentrated energy fluxes have been intensely
developed in recent decades, including laser beams, and ion
and electron beams. In the surface treatment process via pulsed
energetic beams, the repetitive beam energy flux causes super-
fast heating, melting, and evaporation of the surface layer. Then
the physical and mechanical properties of the material can be
altered by producing the metastable states via the superfast
“heating-melting-solidification” processes.1–8 Compared with
pulsed laser beams, high-power charged particles, such as ion
and electron beams, are more favorable for surface treatment
applications, mainly due to their high efficiency of incident
energy absorption carried by the beam. In Refs. 4–8, pulsed
electron beams of high current densities (102−103 A/cm2), high
energies (10–40 keV), and short pulse durations (10−8–10−6 s)
have been validated for a variety of metal and alloy surface
treatments, including alloying, nitriding, and polishing.
Being an exceptionally efficient method of material pro-
cessing, determination of the beam energy and distribution
are of great importance to determine the energy delivery in
the interaction between the beam and material surface, and
evaluate the beam quality and optimize the parameters of the
electron beam source for material processing. In some previ-
ous research work, the average energy of high energy pulsed
electron beams was evaluated by various methods,9–12 such
as x-ray radiation method9–11 and electron range-energy study
method by stopping foils of varying thicknesses.12 However, in
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addition to the evaluation of mean energy of the pulsed electron
beam via a variety of experimental methods, only a few studies
have focused on the determination and construction of time-
resolved energy distributions of high energy pulsed electron
beams for material processing, which are of great interest
in material processing applications.1,2,6,13–15 For example, the
detailed temporal evolution of the electron energy distribution
is essential for understanding and monitoring the dynamic
heating process and energy delivery pattern of the input beam
flux on the material surface.6,13–15 The common experimental
methods to determine the time-resolved energy distribution of
electron beam, such as retarding field energy analyzer (RFEA),
are suitable for the measurement of low energy and DC elect-
ron beams. However, due to several unique features and limi-
tations of both normal RFEA and beam parameters, it is diffi-
cult to measure the time-resolved energy distribution of high
energy pulsed electron beams as discussed below.
The most common method to obtain the time-resolved
energy distribution of charge particles (including both ions and
electrons) is RFEA, consisting of an electron beam collector,
retarding and grounding grids to form the retarding field, and
ground housing if required, as shown in Figure 1. Charged
particles, either ions or electrons, originate at the source and
travel towards the retarding grid. A retarding potential, Vr , is
applied to the retarding grid to decelerate the electrons. Only
the electrons with energy higher than the value of eVr , where
e is the single electron charge, can pass through the retarding
potential and be collected by the electron beam collector in
the downstream direction of RFEA. When varying the retard-
ing potential to different values of Vr(i), a series of electron
beam current pulses are collected as I(ϵ i, t), where ϵ i = eVr(i)
represents the electron energy. Thus the numbers of electrons
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FIG. 1. Schematic of the retarding field energy analyzer (RFEA).
of varying energy values over the electron pulse duration t can
be determined by varying the applied retarding potential. A
detailed description of RFEA operation principles has been
presented and discussed thoroughly in Refs. 16 and 17. RFEA
has been used extensively for the accurate measurement of
ion and electron currents and determination of the ion and
electron energy distributions in plasma, with typical energy
ranging from several eV to tens of eV.18–22 However, as pre-
sented above, the electron beams for material processing are
characterized on the time scale of 10−9−10−6 s, peak energies
of keV, energy densities of 1–40 J/cm2, and current densities of
103 A/cm2,7,8,23–25 which will cause several challenges in the
RFEA described next.
A. Retarding potential limits
Determination of the full spectrum of the electron beam
energy requires that the retarding potential is varied from 0 V
to the peak value of acceleration potential of the electron beam
source. However, pulsed electron beams of keV are generated
under the “soft vacuum” pressure ranging from tens of mTorr
to hundreds of mTorr,4–8,10–15 which is located at the minimum
zone of the Paschen curve and has very low breakdown voltage
(several hundred volts), mainly due to the complicated gas
breakdown processes in soft vacuum dominated by both sta-
tionary field emission and nonstationary processes including
the electron explosive emission and vacuum spark, multipactor
discharge, etc.16,17,28 Thus it is difficult for the retarding poten-
tial to go up to several kV to tens kV without causing undesired
gas breakdown and associated leakage current between the
retarding and grounding grids.
B. Space-charge limit of the high beam
current densities
High current and current density are two major charac-
teristics of the high energy pulsed electron beams favorable
for material processing. However, due to the high current
density of the pulsed electron beam, the impact of incomplete
space charge neutralization in the RFEA under the high current
densities can affect the construction of the electron beam en-
ergy spectrum due to the formation of a virtual cathode, which
has been discussed thoroughly in Ref. 17. Thus the proper
attenuation of the RFEA should be considered and designed
with specific caution.
C. Fast response time of the RFEA
Different from dc-beams without time structure, pulsed
electron beams for material processing are normally character-
ized on the time scale of 10−9−10−7 s. Under such time scale,
the physical dimension of the beam measurement system is
comparable with the signal wavelength of electron beam pulse,
which means that the pulse measurement system should be
treated as a transmission line instead of lumped elements.26
Thus special attention is required for the design of the electron
beam collector in the RFEA to minimize its stray inductance
and response time.
In this work, an improved RFEA specifically designed
for the measurement of high energy pulsed electron beams is
presented. Details are given on how the design problems are
removed with careful considerations and determinations of the
grid attenuation, shielding and grounding, and the elimination
of the gas breakdown and associated current caused by the high
retarding potential in the RFEA. This paper is organized into
the following sections: In Sec. I, a detailed introduction to the
unique properties of high energy pulsed electron beams, and
the challenges and limitations to determine the energy distri-
bution are presented. The design procedures of the RFEA and
the experimental setup are shown in Sec. II. The performance
validation test results of the RFEA and the measurement re-
sults of the time-resolved pulsed electron beam energy are
shown in Sec. III. Finally, the conclusions and discussions are
summarized in Sec. IV.
II. DESIGN PROCEDURE AND EXPERIMENTAL SETUP
The RFEA presented in this work is designed for the
pulsed high energy electron beams generated by a transient
hollow cathode discharge (THCD) device named pseudospark,
which consists of a hollow cathode, an exit anode, and multiple
intergaps as illustrated in Figure 2. The typical waveforms of
the pseudospark voltage and discharge current are illustrated in
Figure 3, with the oscillation caused by the inductance of the
discharge chamber loop. The THCD-based electron beam is
characterized by short duration (tens to hundreds of nanosec-
onds), high peak energy (hundreds of eV to tens of keV), and
high beam current (tens of A to kA), which make it favorable
for a variety of material processing applications.4–6,9,10,13,17,18
The improved RFEA designed for the pseudospark-based
high energy electron beam measurements is sketched in
Figure 4. As illustrated in Figure 4, the RFEA consists of
an electron collector, an entrance grid working as a pressure
insulator between regions I and II, attenuation grid, and the
electromagnetic shielding. The detailed design principles of
each part are discussed in this section.
A. Design of the entrance grid
As discussed in Sec. I A, within the operating pressure
range of THCD-based electron beam (10-100 mTorr), gas
breakdown is easily formed under tens of kV retarding poten-
tials (even several kV) between the retarding grid and ground
of the RFEA, which makes the regular RFEA fail to work
for the high energy electron beam measurements. In order to
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FIG. 2. Multigap pseudospark-based chamber for the pulsed electron beam generation.
eliminate this gas breakdown, an entrance grid with a central
orifice to form a pressure gradient is located in front of the
electron collector, which isolates the THCD operation region
(region I) and electron beam drift region (region II). In the
molecular flow region, which is dominant at high and ultra-
high vacuum, the flow conductance is independent of pressure
but dependent on the geometry of the conductance pipelines.
Thus for a thin aperture whose diameter exceeds its length as
presented in this work,27
C = 3.7 × ( T
M
)1/2 × A, (1)
where A is the area in cm2 and conductance is in L/s. Thus
compared with region I of 5 cm internal tube diameter, an
entrance grid with a 2 mm diameter orifice located in front of
region II is capable of forming a scaling factor of 104 between
the conductance of regions I and II. As a result of such a high
vacuum conductance difference, a pressure gradient is formed
between regions I and II under the given pumping time. When
the pressure in region I has to be maintained at the opera-
tional pressure range of THCD-based electron beam source
(10−1–10−2 Torr), the pressure in region II can be evacuated and
maintained at 10−4–10−5 Torr. In such a high vacuum in region
FIG. 3. Breakdown voltage and discharge current of the multigap
pseudospark-based chamber.
II, the electron mean free path for ionization, which is typically
tens of centimeters, is much greater than the spacing between
the grounding and retarding grids. In such a region, only a
small part of the total electron flow ionizes the gas.28,29 Thus
region II is within the pressure range for vacuum breakdown
which has a very high breakdown voltage (normally higher
than 30 kV30). The retarding potential can then be increased to
the required values (<20 kV) without gas breakdown occuring
within the RFEA.
B. Design of the attenuation grid
As discussed in Section I, a proper attenuation grid is
required to reduce the electron beam current density below the
space-charge limit. The attenuation coefficient of the grid is
determined by the limiting value given by the Child-Langmuir
law,31







where S is the area of beam cross sections, U is the applied
voltage, and d is the distance in the electron beam source.
According to Equation (2), the space-charge limited current,
which is equal to 1.9 A at 10 kV in the presented RFEA setup
with a 1 mm beam radius and 2 mm distance between the
grounded attenuation grid and retarding grid. In addition to
the proper attenuation coefficient to lower the beam current
density below the space-charge limited value, the possible
uniform decrease in the electron density caused by a large
attenuation coefficient is also an important factor to determine
the attenuation grid design. Thus in this work, the attenuation
of high current density is obtained by both the attenuation grid
with 55% grid transmission and the orifice in the entrance grid.
In addition, the attenuation grid is connected to the diagnostic
room ground which envelops the analyzer as illustrated in
Figure 4, in order to provide the required electromagnetic
shielding and grounding.
C. Design of the electron beam collector
In our work, a Faraday Cup (FC) probe is selected to be the
pulsed electron beam collector due to the simple configuration
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FIG. 4. The RFEA for high energy pulsed electron beam measurements.
and large measurement range. The FC probe in our work is
developed to stop and measure 20 keV, 1 nC electron pulse
beam. Based on the beam properties, the low inductance and
fast response time are two major issues in our FC probe design.
As illustrated in Figure 5, this FC probe is constructed based on
a semi-rigid coaxial cable with 50Ω impedance which has the
similar structure as the FC presented in Ref. 32, consisting of a
copper collector cup to capture the electron beam, the ground-
ing plate and a carbon resistor connected between the copper
collector and grounding plate serve as the shunt resistor. The
inner conductor of this coaxial cable is joint with the copper
collector cup. The coaxial cable insulated with Teflon coating
is passed through the center of the carbon resistor, and the
outer grounding mesh of the coaxial cable is connected to
the grounding plate. The other side of this semi-rigid coaxial
cable is soldered into an N type coaxial connector. Then a
low shunt resistance can be formed between the collector and
grounding plate as a compact configuration with minimum
stray inductance and reflection of pulse signal.
D. Experimental setup
The experimental setup for the generation and measure-
ment of the pseudospark-based electron beam as well as the
performance validation test system is shown in Figure 6. This
pseudospark-based electron beam experiment has also been
used and is described in our previous research.32,33 The exper-
FIG. 5. FC probe with low inductance and shunt resistance.
imental setup consists of two sections: The left side is the
multigap pseudospark discharge section, including a 16-gap
pseudospark discharge device. A hollow cathode is connected
to the high voltage dc power supply (100 kV, 1 mA) through
a 20 MΩ charging resistor. Two 700 pF resin-dipped ceramic
capacitors were connected between the anode and cathode
symmetrically for energy storage. A custom North Star high
voltage probe PVM-5 is connected to the cathode to measure
the voltage breakdown waveform.34
The improved RFEA for the pseudospark-based elect-
ron beams is located on the right side in Figure 6, including
the electron beam detector, multiple grids, and electromag-
netic shield. In our research work, the electron beam detectors
include a Rogowski coil with a response time of 4 ns (current
transformer NO.2 in Figure 6) and the low resistance FC probe
presented in Section II C. In the performance validation tests
of the FC probe, the current transformer NO.2 is connected
with the same pulse generator as the FC probe to determine
and calibrate the resistance of FC probe in this work. In the
electron beam measurement experiments, current transformer
NO.2 is located right behind the electron beam exit and in
front of the entrance grid to determine the full value of the
psedospark produced electron beam current I1. The FC probe
is located behind the entrance grid to determine the electron
beam current I2 passing through multiple grids to determine
the attenuation coefficient I1
I2
.
The vacuum and gas control system is also shown in
Figure 6. The whole experimental system was evacuated to
10−5 Torr initially by a two-stage mechanical pump and turbo
pump located at the anode side. The operating gas is argon.
Argon gas enters into the vacuum system through a mass
flow controller. The mass flow rate of argon can be adjusted
accurately to control the operation pressure in the vacuum
system. All the experimental data are acquired by a high speed
oscilloscope with 500 MHz bandwidth and 1 GS/sec sampling
rate. The control of the oscilloscope readout and data storage
are accomplished by a LabVIEW software workbench. All the
presented experimental results in Secs. III and IV represent the
mean value over five repeated cycles.
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FIG. 6. Experimental setup of RFEA for the pseudospark-based electron beams.
III. EXPERIMENTAL RESULTS
In this section, three main experiments are conducted.
First, the capability of the RFEA to hold high retarding poten-
tials is validated by the leakage current tests in Section III A. In
Section III B, the shunt resistance of the FC probe in the RFEA
is determined, and its response time to pulses is validated
by comparing with a calibrated current transformer probe.
Finally, the attenuation coefficient of the RFEA is determined
and calibrated in Section III C. In addition, the rise times of
the electron beam pulse before and after attenuation are also
presented and compared in this section.
A. Leakage current tests
As mentioned in Secs. I A and II A, the leakage current,
which is formed between the retarding grid and ground, is
mainly caused by gas breakdown under high retarding poten-
tials (normally kV to tens of kV) and high pressure (10–100
mTorr). In order to validate the effect of the entrance grid
to eliminate the gas breakdown and associated leakage cur-
rent under high retarding potentials, the pressure values are
measured by gauges located at region I (gauge NO.1) and
region II (gauge NO.2) at given times, and the results are
presented in Figure 7. As shown in Figure 7, when the pressure
of the pseudospark-based electron source (region I) is ranging
from 10−3–10−2 Torr, the pressure of RPEA region (region II)
can be maintained at 10−5 Torr. Additionally, the pressures
in regions I and II under varying breakdown voltages of the
pseudospark discharge are shown in Figure 8. As illustrated
in Figure 8, the region II pressure is maintained at the high
vacuum of 10−4–10−5 Torr during the pseudospark discharge.
The leakage current flowing through the retarding grid is
measured via the current viewing resistor (CVR) installed in
the retarding power supply as illustrated in Figure 5. Under
the retarding potentials ranging from 5 kV to 20 kV, the
leakage current values measured in the retarding grid with and
without the entrance grid are presented in Figure 9. It shows
that there is current between the retarding grid and ground
starting from 1 kV retarding potentials. The current flowing
through the retarding grid is increased to 0.72 mA when the
retarding potential goes up to 8.5 kV. The current (leakage
current) between the retarding grid and ground is likely due
to the charged particle production (ionization) within the gap
between the retarding grid and grounded attenuation grid but
may also be due to the surface conductivity along the insu-
lators between the retarding grid and grounded grid. Without
the entrance grid, the pressure within the RPEA (region II)
is similar to the electron beam source (region I), that is,
10–100 mTorr. At this pressure and at 1–20 kV applied RPEA
retarding potential, the electric field within the gap (0.5
–10 kV/mm) is near the minimum of the Paschen curve
and generates a low-current DC glow discharge. For a gas
discharge of this type, one would expect the discharge current
to increase with the bias potential as shown in Figure 9. It
is unclear how the presence of additional charged particles
within the retarding field will affect the applied field and
corresponding retardation of the electron beam. If the leakage
current is carried by surface conductivity along insulators, it is
also unclear how this current may affect the applied field. Fur-
FIG. 7. Pressure values measured at regions I and II under varying pump-
down hours.
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FIG. 8. Pressure values measured at regions I and II under varying break-
down voltages.
thermore, when the retarding potential is increased to higher
value, the current will exceed the current limit of most high
voltage power supply, which is normally 1–5 mA. Therefore
operation within this regime, where significant leakage current
is present, is to be avoided.
After the entrance grid is installed in front of the retarding
grid and the pressure gradient is formed, the retarding potential
can go up to 22 kV without any current as shown in Figure 9,
validating that the improved RFEA can be operated success-
fully under retarding potentials up to 20 kV, which is the peak
value of the pulsed electron beam accelerating potential in this
work.
B. Performance validation of the FC probe
The objectives of the performance validation tests include
the determination of probe shunt resistance and the available
response time of the FC probe. The quantitative results of the
FC probe performance are presented as the shunt resistance
and response time to varying pulses generated by a calibrated
pulse generator. Figure 11 shows the test layout of the FC probe
performance validation tests, consisting of a pulse generator
as the standard reference input signal, FC probe, and oscillo-
FIG. 9. Leakage currents flowing through the biased power supply.
FIG. 10. Shunt resistance test setup.
scope with 500 MHz bandwidth. Figure 10 shows the output
signals from the FC probe and input signals from the pulse
generator. The shunt resistance can be determined from the
internal impedance of the pulse generator Rin, which is 50 Ω
in the presented validation tests, and attenuation ratio of the
FC probe, defined as the ratio of amplitude of output signal
from FC to the amplitude of the source signal. As illustrated
in Figure 11, the shunt resistance of the FC probe is calculated
to be 0.086 Ω.
The response time performance of the FC probe is deter-
mined via the fall time of a negative pulse signal passing
through the FC probe. Figure 12 shows both the input signal
from the pulse generator and the output signal from the FC
probe. The input signal on the bottom has a 10.7 ns falling
edge, while the output signal on the top displays a 12.8 ns
falling edge. The response time error of the FC probe is defined
as the magnitude of the difference between the fall time values
of the FC signal and source signal divided by the fall time of
the source. A value close to zero is desirable. The response
time error values of the FC probe under the source fall time
ranging from 8.6 to 80 ns are presented in Figure 13. As shown
in Figure 13, the response time error has a maximum value of
19.7% at the fastest source fall time, 8.6 ns. As the source fall
time is increased, the response time error is decreased below
10% at 25 ns and has a minimum value of 1.7% at 80 ns. In our
research work, the fastest response time of the electron beam
signal is greater than 50 ns. Thus the response time error of our
probe is lower than 3.5% in our work.
C. Attenuation coefficient and space-charge limits
Attenuation of the electron beam is necessary for the
RFEA to perform correctly: (1) The electron beam current
FIG. 11. Output signal from the FC probe (top) and source signal from the
pulse generator (bottom).
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FIG. 12. Fall time of the FC probe output (top) and the source input signal
(bottom).
density must be attenuated below the space-charge limit. (2)
The electron beam current should decrease uniformly without
causing distortion of the beam waveform. In our work, the
attenuation of the electron beam current is due to both the
entrance and attenuation grids.
Two electron beam current waveforms at 10 kV break-
down voltage are shown in Figure 14. The electron beam
current exiting from the source I1 is measured by a calibrated
current transformer located in front of the entrance grid, with
100 MHz bandwidth and 10 ns usable rise time. The FC probe
in RFEA is used to measure the attenuated electron beam
current I2, and the attenuation coefficient is determined by the
scaling factor of I1
I2
. As shown in Figure 14, the electron beam
current I1 is 4.6 A exceeding the space-charge limited value of
1.9 A at 10 kV. The attenuated electron beam current is 1.1 A,
which yields a scaling factor of 4.2.
Additionally, the difference of the collected electron beam
pulses before and after attenuation is also illustrated in
Figure 14. The rise times of I1 and I2 are 108 ns and 104 ns,
having an error percentage of 3.7%. However, the decay edge
of the electron beam current mainly consists of “slow” elec-
FIG. 13. Response time error of the FC probe.
FIG. 14. Electron beam current before passing through the pin hole (bottom)
and after passing through the pin hole (top) at 10 kV breakdown voltage.
trons with energy lower than tens of eV,10,11,35 which are easily
defocused by the space-charge forces and distributed on the
edge of the beam spot.12,36,37 Thus this part of the distribution
is easily intercepted by the entrance and attenuation grids. As
illustrated in Figure 14, the decay times of I1 and I2 are 508 ns
and 412 ns, with 18.9% error percentage, which is 5.1 times
the rise time error. Thus compared with the slow decay tail of
the electron beam pulse, the rise edge of electron beam pulse
consisting of the high energy and medium energy electrons,
which are the main focus of material processing applications,
still preserve the time-resolved distributions when their ampli-
tudes are attenuated.
Figure 15 shows the peak values of the attenuated electron
beam currents under varying voltages of 5 kV, 10 kV, 15 kV,
and 20 kV. In addition, the space-charge limited electron
beam current values are also presented. The results demon-
strate that by passing through multiple grids, the attenuated
electron beam currents under breakdown voltages ranging
from 5 kV to 20 kV are below the space-charge limited
values.
FIG. 15. Attenuated electron beam current and the calculated space-charge
limited electron beam current.
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FIG. 16. Rise times of the collected electron beam pulses before and after
attenuation.
The error percentages of the rise times between the elect-
ron beam pulses before and after attenuation (I1 and I2) are
presented in Figure 16. The test results show that at all the
breakdown voltages in this work, the error percentage is below
10%. The maximum rise time error of the electron beam pulse
is obtained under 20 kV, which is 9.1%. At 10 kV, the minimum
rise time error is only 3.7%.
D. Example of analyzer measurement
The RFEA developed in this work has been applied in the
pseduspark-based electron beam measurements to determine
the energy distributions of the THCD-based electron beams
under various breakdown voltages. Figure 17 presents the
electron beam pulses generated by 10 kV breakdown voltage
and collected by the FC probe under retarding potentials rang-
ing from 1 to 11 kV. As shown in Figure 17, under the low
retarding potential, the collected electron beam pulse shows a
fast rising edge and a slow and long tail. With the increase of
the retarding potential, the amplitude of the collected electron
current is decreased because more low energy electrons are
stopped by the retarding field. The peak values of the electron
beam pulses are located at 405 ns. As the retarding potential is
increased from 1 kV to 11 kV, the peak of the electron beam
current is decreased from 0.83 A to 0.26 A. For all of these
experiments, the pressure in region II was always between
1.7 × 10−4 and 2.2 × 10−4 Torr.
Additionally, the electrons emitted at different times are
retarded and attenuated with various magnitudes. Compared
with the rise edge of the beam pulse, the long decay tail of the
electron beam current is decreased more rapidly with increas-
ing retarding potential. As shown in Figure 17, the electrons
within 700–1200 ns have been stopped by the retarding grid.
At 800 ns, the collected electron beam current is 0.28 A under
1 kV retarding potential. While the electron beam current
collected at 800 ns under 11 kV retarding potential is only
0.04 A. However, at 360 ns and 400 ns, the collected electron
beam currents under 11 kV retarding potential still remain
19.6% and 28.2% of the collected beam current under 1 kV
retarding potential. Such variations suggest that the high en-
ergy electrons are mainly formed during the early phase on the
rising edge of the emitted electron beam pulse starting from the
FIG. 17. Collected electron beam pulses with varying retarding potentials at
10 kV breakdown voltage.
ignition of gas breakdown in the THCD device. And the long
decreasing tail of the electron beam pulse mainly consists of
low energy electrons, which agrees with the previous research
work presented in Refs. 10, 11, and 36. More results on the
application of this RFEA in determining the time-resolved
energy distribution and electron beam energy analysis have
been published in Ref. 33.
IV. DISCUSSION AND CONCLUSIONS
The RFEA is essentially the only practical tool with
which the time-resolved distribution of electron beam energy
is measured. However, this technique is typically limited for
electron beams generated in the “soft-vacuum” environment.
Previous RFEA techniques have not been successful at measur-
ing electron beam energy distributions for electron sources at
high pressure. A major challenge has been the operation of the
retarding grid at high potential in a high background pressure,
which results in a glow discharge gas breakdown within the
retarding grid gap region, thus skewing or masking the beam
current. This article describes in detail a new RFEA probe
constructed and tested specifically for electron beams with
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energy up to 20 keV generated in a transient hollow cathode
discharge (THCD), which is a common source of high energy
pulsed electron beams. Here we have shown that a differentially
pumped RFEA setup can capture the electron beam distribution
of an electron source operating at high pressure. A strong
pressure gradient can be maintained between the high-pressure
electron source and low-pressure RFEA measurement region,
thus allowing the RFEA to operate at high voltage, retard high-
energy electrons, and thereby capture the energy distribution of
emittedelectrons.Theperformanceof theRFEAisvalidatedby
three experiments on the retarding potential capacity, response
time, and attenuation coefficient. The experimental results
show that the retarding potential up to 22 kV can be obtained
in the presented RFEA without any gas breakdown. And the
fastest response time of the presented RFEA is 25 ns with error
below 10%. In order to lower the high electron beam current
density below the space-charge limit, an attenuation coefficient
of 4.2 is obtained by careful design of the entrance and attenua-
tion grids. The test results also show that the double grids do not
affect the time-resolved distribution of the collected electron
beam pulse after attenuation.
The RFEA can be used to determine the time-resolved
energy distribution of pulsed electron beams generated by the
pseudospark discharge operating between 5 and 20 kV break-
down voltages. Applications of this technique demonstrate that
in addition to the time-resolved energy spectra, particle num-
bers of electrons at various energy groups and electron beam
energy transformation efficiency can be determined also.33 The
results are applicable to the theoretical modeling of the pulsed
electron beam transportation in plasma and its interactions
with the metallic material.1,38,39 It may also be applicable to
other high power pulsed discharge experiments with the proper
adjustment of the grids according to the methods presented
in this paper, with the proper RFEA design according to the
methods presented in this paper. Specific design consider-
ations include using an entrance grid or orifice to establish a
102 pressure differential between the beam source and RFEA
and sizing the attenuation grid to reduce the beam current
below the space-charge limit. In practice, the RFEA measure-
ment setup can be replaced with the desired processing appli-
cation, e.g., surface modification. If the electron source is
applied as demonstrated here, where the electron source is
in the high-pressure region and processing setup is in the
low-pressure region, then the electron beam impinging on the
target is as measured by the RFEA. However, if the electron
source and processing setup are both at high-pressure, then the
electron beam may be modified by the presence of additional
background gas. These effects may need to be accounted for
depending on the specific application.
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